Effects of transplantable rat insulinomas (IN) and glucagonomas (GLU) on the endogenous pancreas were analyzed using morphometry, immunocytochemistry, in situ hybridization, and staining for apoptotic cells. Hyperinsulinemia (IN-rats) and hyper-GLP-1/glucagonemia (GLU-rats) were both associated with marked islet atrophy (67 and 76% of control average planimetrical islet area, respectively). Selective islet B cell inhibition of proinsulin (I and II) genes as well as of expression of the insulin gene transcription factor, IPF1/STF1, was found in IN-rats. Moreover, these islets were characterized by significant B cells apoptosis in the absence of infiltrating lymphocytes. In GLU-rats selective islet A cell inhibition was observed at the level of glucagon mRNA. These islets contained small, highly condensed but clearly active B cells with prominent IPF1/STF1-positive nuclei, surrounded by densely packed glucagon-negative cells with reduced cytoplasm. Furthermore, an active apoptotic process was found exclusively in the exocrine pancreas of GLU-rats. Thus, in IN-rats, islet B cell mass reduction is distinguished by non-immune-mediated programmed cell death, while GLU-rats exhibit A cell mass reduction by cytoplasmic retraction and selective exocrine apoptosis. (J. Clin. Invest. 1995. 96:2227-2235
Introduction
It has been well documented that transplantable glucagonomas (GLU) ' ( 1, 2) or insulinomas (IN) (3) (4) (5) (6) in rodents selectively cause downregulation of the respective endogenous islet hormones, suggesting the existence of a negative "feedback mechanism" from the transplanted islet tumor phenotype to the corre- 1 . Abbreviations used in this paper: GLU, glucagonoma; IN, insulinoma; IPF1, insulin promoter factor 1; STF1, somatostatin transcription factor 1 (the rat homologue of mouse IPF1).
sponding islet cell. Additionally, islet size is reduced in these tumor-bearing animals, which has been explained by the selective atrophy of the respective islet cell type.
We have reported previously the establishment of stable transplantable rat insulinomas (MSL-G2-IN) (7) and glucagonomas (MSL-G-AN) (8) from common clonal origin. The B cell tumor MSL-G2-IN causes a classical syndrome of hypoglycemia due to hyperinsulinemia. The MSL-G-AN glucagonoma has a mixed pancreatic A and intestinal L cell phenotype with respect to posttranslational proglucagon processing. Thus, glucagon and glucagon-like peptide-1 7-36 amide [GLP-1 amide)] are the main secretory products; however, glicentinrelated polypeptide, oxyntomodulin, GLP-2, as well as other processing variants of GLP-1 are secreted also (8) . The MSL-G-AN tumor line causes an abrupt onset of severe anorexia and adipsia 4-5 wk after transplantation (9) , the nature of which remains unsolved. Despite hyperglucagonemia, other murine glucagonomas are not associated with severe anorexia (1, 2) , although a prominent weight loss may be seen in the glucagonoma syndrome in humans (10) . In addition, several reports have been demonstrating a minor, but direct, postprandial satiety effect of glucagon treatment (11) (12) (13) (14) (15) .
The nature of tissue-specific expression and regulation of insulin and glucagon genes has been studied extensively during the past few years and involves complex interactions between cis elements in the gene promoters and combinations of ubiquitous and cell-specific transactivating factors ( 16, 17 ). Of particular interest is the recently cloned transcription factor, insulin promoter factor 1/somatostatin transcription factor 1(IPFl/ STF1 ) ( 18, 19) , which has been shown to be essential for both pancreatic formation during ontogeny (20) as well as for insulin gene transcription in the mature B cell (21) (22) (23) . The mechanisms by which glucagonomas and insulinomas inhibit A and B cell function in islets of Langerhans are not well established.
The aim of this study was to characterize specific effects on the endocrine pancreas in syngeneic rats by transplantation of the highly distinct phenotypes of the glucagonoma (MSL-G-AN) and insulinoma (MSL-G2-IN). Expression of the principal hormones of the endogenous A and B cells was analyzed at the protein and mRNA levels. Additionally, expression of the transcription factor, IPF1 /STF1, was analyzed by immunocytochemistry. Finally, we analyzed both the pancreatic exocrine and endocrine compartments for atrophy using morphometry and for the presence of apoptosis.
mas subcutaneously in the neck as described previously (8) were included in this study (n = 6-8, for each group). Sucrose (10% wt/vol) was added to the drinking water 1 wk after transplantation for rats receiving insulinoma tissue in order to prevent acute hypoglycemia. The MSL-G-AN glucagonoma-transplanted rats were killed 3-4 wk after transplantation when they had lost 30% of their maximum weight.
MSL-G2-IN-transplanted rats were killed 6-8 wk after transplantation when their blood glucose levels were below 2.5 mM. The animals were anesthetized with pentobarbital sodium (50 mg/kg body wt, intraperitoneally), and blood samples were obtained by cardiac puncture for endpoint measurements of plasma levels of circulating insulin, glucagon, and GLP-l. Animals Radioimmunoassay. Glucagon and GLP-1 were measured by radioimmunoassay using processing independent assays. For glucagon assays, antibody 4304, directed against the 6-15 sequence of glucagon and reacting with all products of proglucagon (mainly glucagon, glicentin, and oxyntomodulin) which contain this sequence, was used together with monoiodinated '25I-labeled glucagon and standards of porcine glucagon as described previously (24) . For GLP-l assays, antibody 2135, directed at the mid-to-C-terminal part of GLP-1 and reacting with all products of proglucagon which contain this sequence [mainly GLP-1 (7-36 amide); GLP-1 (1-36 amide); the glycine-extended forms of the latter peptides; and the major proglucagon fragment (MPF or proglucagon 72-158)] was used together with monoiodinated '25I-labeled GLP-1 (7-36 amide) and standards of human GLP-1 (7-36 amide) as described previously (25). Rat plasma was diluted 10 times with assay buffer (24, 25) to avoid extraction. Under these circumstances the detection limits of the assays were 10-20 pM and the intraassay coefficient of variation was 10% at a level of 100 pM. Recovery of glucagon and GLP-1 (7-36 amide) added to rat plasma and assayed immediately thereafter deviated < 20% from expected values. Insulin was quantified as described (26) .
Immunohistochemistry. The (27) and rabbit anti-rat STFl antiserum, kindly provided by Dr. Marc Montminy (Salk Institute, La Jolla, CA), was used as described (22) .
DNA probes and synthesis. Biotinylated DNA probes were synthesized using a DNA synthesizer (model 392/394; Applied Biosystems, Foster City, CA) according to Applied Biosystems User Bulletin No. 70, using phosphoamidites (Cruachem Ltd., Glasgow, United Kingdom) and biotin-ON phosphoamidites (Clontech, Palo Alto, CA). The antisense probes were: rat proinsulin 1, GTG GGC GGG GAG TGG TGG ACT CAG TTG C -BCB TBC; rat proinsulin 2, TGG ACA GGG TAG TGG TGG GCC TAG TTG C -BCB TBC; and rat proglucagon, TTT GAG TGT GTT CTG CGC CCA AGC TCT GCC CT -BCB TBC (B = biotinylated phosphoamidite). All probes were directed to sequences in the untranslated 5' end of the respective mRNA.
In situ hybridization. In situ hybridization was performed using a modification of a previously described method (28) . Sections mounted on silane-coated glass slides (29) were deparaffinized (27) and washed for 10 min in TBS containing 50 (40-45-50 'C) for 30 min each, in TBS for 5 min, and then the following were added: blocking buffer, TBS containing 1% BSA (wt/vol), and 0.1% Triton X-100 (vol/vol) for 2 min. The blocking buffer was tapped off and the sections were incubated for 30 min with mouse monoclonal antibiotin antibodies (M743; Dako Corp., Carpinteria, CA) diluted 1:100 in TBS. After washing in TBS (3 x 5 min each), sections were incubated for 30 min in biotin-labeled goat anti-mouse IgG antibodies (E433; Dako Corp.) diluted 1:300 in TBS containing 0.25% BSA (wt/vol). This reagent was preabsorbed for crossreactivity to rat immunoglobulins in 2.5% (vol/vol) nonimmune rat serum for 1 h. Sections were then washed 3 x 5 min in TBS and incubated with alkaline phosphatase-conjugated streptavidin (D396; Dako Corp.) diluted 1:100 in TBS for 30 min. Sections were then washed 3 x 5 min in TBS, once in alkaline phosphatase buffer containing 100 mM Tris/HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl2, and then developed in alkaline phosphatase buffer containing 0.035% nitro blue tetrazolium (wt/vol), 0.0175% 5-bromo-4-chloro-3-indolyl phosphate (wt/vol), and 0.5 mM levamisole for 20 min. The chromogen reaction was stopped in 5 mM EDTA for 1 h. The sections were mounted with a coverslip and examined by light microscopy. Sections incubated without specific oligonucleotide sequences or with sense oligonucleotides served as negative controls.
Morphometry. A, D, and PP cells were immunocytochemically visualized in three groups of animals (GLU-, IN-, and control rats; n = 6 in each group) by staining for glucagon, somatostatin, and pancreatic polypeptide, respectively, and were counted per individual islet (n = 55-210 per animal per staining) in serial pancreatic sections. Only nucleated cells were counted. Using computer-aided image analysis, the areas of all islets examined were planimetrically measured by manual tracing of the islet borderline with the cursor (n = 217-507 for each animal in groups of 6). The mean size of the islets and number of positive cells per square millimeter of islet were calculated. Since the mean islet size in tumor-transplanted animals was found to be decreased compared with controls, the number of cells per square millimeter obtained from tumor-transplanted animals was corrected by multiplication with the shrinkage factor (0.76 for GLU-rats and 0.67 for IN-rats, see Results). The numbers of cells per square millimeter in tumor-bearing animals are thus normalized to controls in terms of islet size. This correction was necessary to directly visualize changes in the abundance of individual islet cell types in comparison to controls.
The mean planimetrical B cell size was measured by counting the number of nuclei in randomly selected squares of 50 x 50 ,um placed in the B cell compartment by using sections stained for glucagon to define the B cell core (25 squares/animal). The mean size of acinar cells was measured by counting the number of nuclei in randomly selected squares of 200 X 200 gm in the exocrine tissue (10 squares/ animal). Statistical significance was assumed at P < 0.05 using the two-tailed unpaired Mann-Whitney U test.
In situ detection ofapoptotic cells. The sections were deparaffinized, rehydrated in PBS (as above), and incubated with either terminal deoxynucleotide transferase of the ApopTag in situ apoptosis detection kit essentially as described by the supplier (Oncor Inc., Gaithersburg, MD) or by the TUNEL-assay (30) using terminal deoxynucleotide transferase (Boehringer Mannheim) as described by Gorczyca et al. (31 ) . Apoptotic cells were detected using an alkaline phosphatase-labeled antidigoxigenin Fab fragment (Boehringer Mannheim) followed by development in nitro blue tetrazolium/S-bromo-4-chloro-3-indolyl phosphate as described above. The ApopTag and the TUNEL-assay produced identical results. The number of apoptotic cells in islet and acinar tissue was quantified as above by counting stained nuclear bodies per area. Using the estimated average cell size from the different compartments in the different groups of animals we then calculated the apoptotic index (i.e., percentage of apoptotic cells) for islets and for acinar tissue.
Results
Tumor influence on circulating hormone levels. Rats transplanted with MSL-G-AN glucagonoma tissue (GLU-rats) grad- ually developed a tumor of -0.5-1 grams which was followed by acute onset of anorexia and weight loss (32±8% weight loss at time of killing). Anorectic rats were slightly hypoglycemic (3.6+0.7 mM, n = 8; compared with control rats: 4.6+0.7 mM, n = 8), which may reflect the anorexia-induced starvation. Rats transplanted with the MSL-G2-IN insulinoma (IN-rats) developed a tumor of similar size and severe hypoglycemia (2.2+0.6 mM at time of killing, n = 8), but showed normal weight gain. All tumor-transplanted animals appeared otherwise normally active. Circulating glucagon and GLP-1 levels in GLU-rats were significantly elevated compared with controls (glucagon: 3,233±1,044 vs. 47±_14 pM; P < 0.005) (GLP-1:
2,342±1,243 vs. 30±11 pM; P < 0.005). Likewise, circulating insulin in IN-rats was significantly increased (4,303±1,972 pM) compared with controls (574±191 pM; P < 0.005). Interestingly, in GLU-rats there was a more than sixfold reduction in circulating insulin (89±37 pM; P < 0.005) compared with controls. In IN-rats, circulating glucagon and GLP-1 levels were identical to control values.
Immunocytochemistry. To examine effects of the transplantable tumors on the endocrine cells, serial pancreatic sections were stained with antibodies to glucagon, proinsulin C-peptide 1 and C-peptide 2 ( Fig. 1) , somatostatin, and pancreatic polypeptide (not shown). In GLU-rat islets, the glucagon staining was dramatically reduced (Fig. 1, F compared with C) , whereas the proinsulin C-peptide 1 and 2 stainings (Fig. 1, D and E) were comparable with those of control rats in intensities (Fig.  1, A and B) . The reduction in the glucagon staining intensity in GLU-rats was observed in all animals, and when the islets were examined under low power magnification, as shown in Fig.  2 , in three out of six rats the staining was essentially negative. In IN-rats, the opposite was observed. Both proinsulin C-peptide 1 and 2 stainings ranged from clearly reduced to negative (Fig.  1, G and H) , whereas the glucagon staining was comparable with that of controls (Fig. 1 I) . Of the six animals examined, the islets of the two with the highest circulating insulin levels were essentially negative for both C-peptide 1 and 2. Furthermore, both proinsulin C-peptide immunoreactivities were reduced to a comparable degree in all IN-rats. No obvious differences in staining intensity were observed between tumor-transplanted animals and control animals when stained for somatostatin or pancreatic polypeptide (not shown).
In situ hybridization. To investigate whether the reduction in islet hormone content was due to decreased mRNA levels, in situ hybridization for proglucagon and proinsulin 1 and 2 mRNA was performed on adjacent serial pancreatic sections (Fig. 3) . These stainings paralleled the immunostainings (Fig.  3 vs. Fig. 1 ) . Thus, the downregulation of the corresponding (Fig.  4) . The IPF1 /STF1 staining in normal adult rat islets is almost entirely confined to B cell nuclei (Fig. 4 B) as well as to a small fraction of somatostatin cells (23) . The IN-rats showed a severe reduction in STF1 staining intensity (Fig. 4 D) compared with controls (Fig. 4 B) and GLU-rats (Fig. 4 F) . This suggests that the lack of adequate amounts of the transcription factor STF1 or similar transcription factors could be involved in transcriptional inhibition of proinsulin 1 and 2 gene expression (Fig. 4 , C vs. A and E). Morphometry. To further evaluate the effects of the glucagonomas and insulinomas on the islet cell populations, quantitation of immunoreactive A, D, and PP cells was performed and mean islet area was measured by image analysis. The number of the different cell types per islet area is shown in Fig. 5 . The GLU-rats showed a highly significant and selective reduction in the number of glucagon positive A cells (Fig. 5) . In addition, most of the positively scored glucagon containing A cells actually showed reduction in cytoplasm as well as in staining intensity. The number of D cells in the GLU-rats was slightly but significantly increased compared with controls and IN-rats, whereas the number of PP cells was unchanged in all groups (Fig. 5) . Also, the pancreatic islet volume was reduced in both types of tumor-transplanted animals as can be seen by the decrease in average planimetrical areas: 76+12% in GLU-rats and 67+13% in IN-rats compared with controls (Fig. 6 A) .
For indirect determination of the fate of the A cells in GLUrats, we performed stainings with a mixture of antibodies to glucagon, insulin, somatostatin, and pancreatic polypeptide (Fig. 7) and found a fraction of islets containing densely packed immunonegative peripheral cells (Fig. 7 B) . Such cells were not found in control or IN pancreata (Fig. 7 , A and C) and are most likely A cells without glucagon expression. From Fig. 6 B it was moreover evident that a reduction in the average B cell size also contributes significantly to islet reduction in GLUrats. Based on immunocytochemical stainings the B cells appeared active; however, the density of B cells was contracted in size to a similar extent (60±11%) as that observed for the surrounding acinar cells (55±8%) when compared with controls (Fig. 6, B and C) . It thus appeared that reduced cell volume was common for most pancreatic cell types (acinar and B cells) in GLU-rats and might be a likely consequence of the severe Surprisingly, a highly significant increase in the frequency of scattered apoptotic cells was found in the exocrine pancreas of all GLU-rats, selectively, whereas no indication of apoptosis in A cells or in the similarly condensed B cell population was seen (Fig. 8, C -E, and Table I ). Apoptotic cells were observed with a low frequency in the acinar tissue of control-and INrats (Table I) . As expected, apoptotic cells were common in pancreatic lymph nodes of control and tumor-transplanted rats (not shown). weight loss in these animals. The contraction of exocrine tissue in GLU-rats versus controls was also evident in Fig. 2 .
The nature of the islet atrophy in IN-rats with an apparently unchanged A, D, and PP cell compartment (Fig. 5) was quite different from that observed in GLU-rats. The size of B cells was decreased to 79±11% while mean exocrine cell density remained unchanged compared with controls (Fig. 6, B and  C) . Although the islets of IN-rats showed a more pronounced reduction in size than in GLU-rats (Fig. 6 A) , the B cell compartment of IN-islets still contained larger cells when compared with GLU-islets (Fig. 6 B) . This indicated that B cells were being eliminated from the islets of IN-rats.
Tumor-induced pancreatic apoptosis. To investigate the phenomenon of the reduction in islet cell number in IN-versus GLU-and control animals, sections were stained for apoptotic cells with DNA strand breaks (Fig. 8) . A significant number of apoptotic cells was found in the islet B cell compartment of the pancreas of IN-rats (Fig. 8, A and B, and Table I ) while essentially no apoptotic cells were found within islets of control or GLU-rats (Fig. 8, C and D, and Table I ). No obvious signs of inflammation was observed in any islets with apoptosis.
Discussion
We have shown that transplantable insulinomas and glucagonomas derived from common clonal origin have a profound and selective inhibitory effect on the endogenous islet B and A cells, respectively. The corresponding endogenous hormone genes are essentially turned off, pointing to the existence of a powerful negative feedback mechanism of unresolved nature which eventually results in islet atrophy. The islet changes observed in the two groups of transplanted animals are controlled by fundamentally different mechanisms as discussed below.
Glucagonoma-induced changes of the endogenous pancreas. The inhibitory effects on pancreatic A cells by the MSL-G-AN glucagonoma are in agreement with recently published observations involving mouse, hamster, and rat glucagonomas transplanted into nude mice (1, 2). A major difference of the MSL-G-AN tumor from previously published experimental glucagonomas is the associated anorexia/adipsia (8, 9) which leads to severe weight loss as also frequently observed in the glucagonoma syndrome in humans (for review see reference 10). Here we show that the observed islet atrophy is composed of a retraction of A cell cytoplasm associated with a reduction in glucagon mRNA, as well as a reduction of mean B cell size. Taking into account that exocrine tissue is also contracted to a similar degree compared with B cells in GLU-rats (40-50%), the overall islet size reduction is not significantly different from the general contraction of pancreatic tissue. Therefore, the dramatic A cell atrophy observed is highly selective in these animals and most likely directly associated to the glucagonoma phenotype, while the general contraction of pancreatic tissue (acinar and B cells) might be a consequence of the poor nutritional status of the anorectic GLU-rats. The A cell atrophy was characterized by loss of A cell cytoplasm resulting in densely packed nuclear structures in the periphery of the islets. Several older reports show similar A cell inhibition in response to prolonged glucagon treatment (32) (33) (34) (35) (36) , thus suggesting a central role for glucagon in the feedback mechanism of the glucagonoma-induced A cell inhibition. Similarly, GLP-1 has been shown to inhibit pancreatic glucagon biosynthesis and secretion (37-41). GLP-1, which is cosecreted by MSL-G2-AN (8), may thus add to the inhibitory effect of glucagon on the endogenous A cells.
The exocrine compartment of GLU-rats showed a highly significant elevation in the frequency of apoptotic cells when compared with IN-rats and controls. It is possible that the anorexia-induced starvation triggers the apoptotic pathway in acinar cells as a general mechanism to rescue nutrients from apparently redundant tissue. No apoptosis was detected within the islets of GLU-rats despite A cell atrophy and the fact that the B cell compartment was condensed to the same degree as the exocrine tissue (Fig. 8, C Figure 7 . Indirect immunoperoxidase staining of islet sections with a mixture of antibodies for glucagon, insulin, somatostatin, and pancreatic polypeptide (red staining). Control rat islet (A), GLU-rat islet (B), and IN-rat islet (C). Notice the densely packed cells with reduced cytoplasm marked with arrows in the GLU-rat islet, as well as the increased density of acinar cells (B). Bar, 100 Htm.
( Figs. 1 and 3 ) as well as STF1 (Fig. 4) biosynthesis. Reduced insulin secretion is a normal body defense to starvation and serves to maintain blood glucose for the vital brain function. The physiological significance of the sparing of an apparently active B cell compartment as observed in anorectic GLU-rats could be the importance of an efficient insulin response upon refeeding as a natural consequence of prolonged fasting.
Insulinoma-induced islet B cell loss by apoptosis. Impairment of pancreatic B cell function by transplantable insulinomas has been reported previously by other groups (3) (4) (5) 42) . We now show by in situ hybridization that the impairment of proinsulin biosynthesis occurs at the mRNA level for both insulin genes. Interestingly, the transcription factor IPFl /STFl, which is critical for fetal pancreatic development (20) and a key component in regulation of insulin gene transcription in the adult B cell (18, (21) (22) (23) , was found to be strongly downregulated in most pancreatic B cells of the IN-rats. It is therefore likely that this negative feedback mechanism affects synthesis of cellspecific transcription factors possibly specifying the differentiated B cell phenotype.
The phenomenon of B cell inhibition is also seen after chronic overinsulinization of normal rats (43) . Glucose infusions in insulinoma-bearing rats that reestablish euglycemia also restore B cell function (44, 45) . Similarly, downregulation of The islet and exocrine apoptotic index in control (n = 7), GLU-rats (n = 8), and IN-rats (n = 8). Mean apoptotic islet indexes were 0.00, 0.00, and 0.80%, respectively. Mean apoptotic exocrine indexes were 0.03, 0.63, and 0.01%, respectively. * Islet indexes in IN rats and the exocrine index in GLU-rats are significantly increased from those observed in the two other groups (P < 0.0005).
proinsulin and islet amyloid polypeptide mRNA by insulin infusions is reversed by coinfusions with glucose (46) . Taken together, these reports indicate that prolonged hypoglycemia rather than hyperinsulinemia is a key component in the negative feedback loop causing B cell inhibition and decreased B cell mass. However, an inhibitory effect on pancreatic B cell activity of insulin by itself in euglycemic glucose-clamped rats has also been reported (47) . We have confirmed that islet atrophy in insulinoma-transplanted rats selectively affects the B cell compartment (5, 6) and that this phenomenon is characterized by induction of programmed cell death of the B cells. The residual and almost inactive B cells were selectively condensed compared with the average exocrine cell density in IN-rats as well as to average B cell density of control rats. The observed maximal apoptotic index in the range of 2% combined with the rapid nature of the apoptotic process (2-3 h) (48) predicts that a time window of just a few days would be sufficient to account for the observed atrophy. The process of B cell elimination is most likely tightly controlled based on the observed range of apoptotic index (from 0.03 to 2.01% in eight IN-rats, Table I and Fig. 8 ), which may reflect the actual variation in severity and duration of hypoglycemia in this group of rats. Low values would predict that these rats might either not have entered or, alternatively, already exited the short time phase of maximal destruction. Importantly, no sign of lymphocytic infiltration was observed in any islet of the IN-rats.
The dynamic B cell mass. The B cell mass is known to respond to long-term glucose-driven changes by hyperplasia in the hyperglycemic state (49, for reviews see references 50 and 51 ) and by atrophy in the hypoglycemic state, the latter shown here to be controlled by activation of programmed cell death. The increasing evidence suggesting a dynamic nature of the B cell mass includes an estimated average normal life time of B cells of 1-3 mo (51) as well as a preliminary report demonstrating that B cell apoptosis is also involved in postpartum involuting islets (52) . Likewise, resection of insulinomas rapidly induces B cell regeneration and restoration of the B cell mass and function in the remaining pancreas within a few days (3, 5, 6 ). It will be of importance to characterize the cell type in the remaining atrophic islet of insulinoma-transplanted rats possessing such a powerful proliferative potential as well as to characterize the nature of the activation of the apoptotic pathway.
The demonstration of the existence of an apoptotic pathway to regulate B cell mass in vivo is highly interesting with respect to a possible link to the pathogenesis of both non-insulindependent diabetes mellitus and insulin-dependent diabetes mellitus. Release of B cell proteins such as islet amyloid polypeptide (or amyloid fibrils which directly can trigger B cell apoptosis in vitro [53] ) could represent part of the scenario observed late in non-insulin-dependent diabetes mellitus. Similarly, potential autoantigens such as glutamic acid decarboxylase (54, 55) could initially be released by apoptosis to subsequently prime the immune system in prediabetic insulin-dependent diabetes mellitus subjects. Moreover, cytokine treatment alone of islets in vitro initiates a similar apoptotic process (56).
Conclusion. The MSL-G-AN glucagonoma syndrome in rats is characterized by atrophic islets composed of densely packed resting A cells with retracted cytoplasm and small but apparently active B cells, surrounded by severely apoptotic, condensed exocrine tissue. Tumor-released glucagon and possibly GLP-l may be candidates mediating this negative feedback loop. The MSL-G2-IN insulinoma syndrome is characterized by inactive B cells, moderately reduced in size and undergoing programmed cell death. Tumor-induced hypoglycemia is a plausible candidate causing this phenomenon.
